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(57) Abstract 



The present invention relates to novel 
PTHrP analogs that have been converted into 
potent PTH-2 receptor agonists or antagonists 
by the substitution of one or more amino 
acid residues of PTHrP to the corresponding 
rcsidue(s) of PTH. A method of treating 
various diseases states associated with altered 
function of the PTH-2 receptor, using these 
PTHrP analogs, is also described. 
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Novel Parathyroid Hormone-Related Peptide Analogs 



Statement as io Rights to Inventions Made Under 
Federally-Sponsored Research and Development 

Part of the work perfonned during development of this invention utilized 
U.S. Government funds. The U.S. Government has certain rights in this 
invention. 

Background of the Invention 
Field of the Invention 

The present invention relates to novel parathyroid hormone-related 
peptide (PTHrP) analogs. In particular, the invention relates to PTHrP analogs 
having one or more amino acid substitutions that confer PTH-2' receptor 
antagonist or agonist properties to the analog. 

Description of Related Art 

Parathyroid hormone (PTH) is a major regulator of calcium homeostasis 
whose principal target cells occur in bone and kidney. Regulation of calcium 
concentration is necessary for the normal function of the gastrointestinal, skeletal, 
neurologic, neuromuscular, and cardiovascular systems. PTH synthesis and 
release are controlled principally by the serum calcium level; a low level 
stimulates and a high level suppresses both hormone synthesis and release. PTH, 
in turn, maintains the serum calcium level by directly or indirectly promoting 
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calcium entry into the blood at three sites of calcium exchange: gut, bone, and 
kidney. PTH contributes to net gastrointestinal absorption of calcium by favoring 
the renal synthesis of the active form of vitamin D. PTH promotes calcium 
resorption from bone by inhibiting osteoblasts and, indirectly, by stimulating 
5 differentiation of the bone-resorbing cells, osteoclasts. It also mediates at least 

three main effects on the kidney: stimulation of tubular calcium reabsorption, 
enhancement of phosphate clearance, and promotion of an increase in the enzyme 
that completes synthesis of the active form of vitamin D. PTH exerts these 
effects primarily through receptor-mediated activation of adenylate cyclase, 

1 0 although receptor-mediated activation of phospholipase C by PTH has also been 

reported (Hruska a/., J, Clin, Invest 79:230 (1987)). 

Disruption of calcium homeostasis may produce many clinical disorders 
(e.g., severe bone disease, anemia, renal impairment, ulcers, myopathy, and 
neuropathy) and usually results from conditions that produce an alteration in the 

1 5 level of parathyroid hormone. Hypercalcemia is a condition that is characterized 

by an elevation in the serum calcium level. It is often associated with primary 
hyperparathyroidism in which an excess of PTH production occurs as a result of 
a lesion (e.g., adenoma, hyperplasia, or carcinoma) of the parathyroid glands. 
Another type of hypercalcemia, humoral hypercalcemia of malignancy (HHM) is 

20 the most common paraneoplastic syndrome. It appears to result in most instances 

from the production by tumors (e.g., squamous, renal, ovarian, or bladder 
carcinomas) of a novel class of protein hormone which shares amino acid 
homology with PTH. These PTH-related proteins (PTHrP) appear to mimic 
certain of the renal and skeletal actions of PTH and are believed to interact with 

25 the PTH receptor in these tissues. PTHrP is normally found at low levels in many 

tissues, including keratinocytes, brain, pituitary, parathyroid, adrenal cortex, 
medulla, fetal liver, osteoblast-like cells, and lactating mamumaiy tissues. In many 
HHM malignancies, PTHrP is found in the cfrculatory system at high levels, . 
thereby producing the elevated calcium levels associated with HHM. 
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The pharmacological profiles of PTH and PTHrP are nearly identical in 
most in vitro assay systems, and elevated blood levels of ?TH (i.e., primary 
hyperparathyroidism) or PTHrP (i.e.. HHM) have comparable effects on mineral 
ion homeostasis (Broadus, A.E. & Stewart, A.F., "Parathyroid hormone-related 
protein: Structure, processing and physiological actions," in Basic and Clinical 
Concepts, Bilakian, J.P. et al, eds.. Raven Press, New York (1994), pp. 259-294; 
Kronenberg, H.M. et al, "Parathyroid hormone: Biosynthesis, secretion, 
chemistry and action," in Handbook of Experimental Pharmacology, Mundy, 
G.R. & Martin, T.J., eds., Springer-Verlag, Heidelberg (1 993), pp. 1 85-201). The 
similarities in the biological activities of the two ligands can be explained by their 
interaction with a common receptor, the PTH/PTHrP receptor, which is expressed 
abundantly in bone and kidney (Urena, P. et al. Endocrinology 75^:451-456 
(1994)). 

The binding of either radiolabeled PTH-(l-34) or PTHrP-(l-36) to the 
PTH/PTHrP receptor is competitively inhibited by either unlabeled ligand 
(Jflppner. H. et al, J. Biol Chem. 2(^5:8557-8560 (1988); Nissenson, R.A. et al. 
J. Biol Chem. 255:12866-12871 (1988)). Thus, the recognition sites for the two 
ligands in the PTH/PTHrP receptor probably overlap. In both PTH and PTHrP, 
the 15-34 region contains the principal determinants for binding to the 
PTH/PTHrP receptor. Although these regions show only minimal sequence 
homology (only 3 amino acid identities), each 15-34 peptide can block the 
binding of either PTH-(l-34) or PTHrP-(l-34) to the PTH/PTHrP receptor 
(Nussbaum, S.R. etal. J. Biol Chem. 255:10183-10187 (1980); Caulfield, M.P. 
etal. Endocrinology 127:%3-%1 (1990); Abou-Samra, A.-B. etal. Endocrinology 
725:221 5-2217 (1989)). Further, the amino terminal portion of each ligand is 
required for bioactivity, and these probably interact with the PTH/PTHrP receptor 
in similar ways, since 8 of 13 of these residues are identical in PTH and PTHrP. 

The PTH/PTHrP receptor is a member of a distinct family of G 
protein-coupled receptors (Jflppner. H. et al. Science 25-/: 1024- 1026 (1991); 
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Abou-Samia, A.B. etal., Proc. Natl. Acad Sci (USA) 5P:2732-2736 (1992)) that 
includes receptors for other peptide hormones such as secretin Pshihara, T. et al. 
EMBO J. i0:1635-1641 (1991)), calcitonin (Lin, H.Y. et al, Science 254:1022- 
1024 (1991)) and glucagon (Jelinek, L.J. et al. Science 25P:1614-1616 (1993)). 

5 Using degenerate oligonucleotides corresponding to conserved regions of the 

PTH/secretin/calcitonin receptor family, Usdin et al has identified a new receptor 
cDNA derived from rat and human brain that was most closely related to the 
PTH/PTHrP receptor (51% overall amino acid sequence identity) (Usdin, T. et 
al. J. Biol Chem. 270:15455-15458 (1995)). This new receptor, the PTH-2 

10 receptor, responded efficiently, potentiy. and specifically to PTH-(l-34), but 

interestingly, did not respond at all to PTHrP. Id This observation implied that 
structural differences in the PTH and PTHrP ligands determined selectivity for 
interaction with the PTH-2 receptor. The PTH-2 receptor was found 

predominantly in the brain and pancreas. Id. 
j5 Since the PTH-2 receptor was found in brain and pancreas, it is likely to 

have a physiological role in the normal functioning of those organs. Diseases 
associated with brain and pancreatic dysfunction may in fact be explained by tiie 
altered action of tiie PTH-2 receptor. Such diseases could then be treated witii a 
PTH-2 receptor selective antagonist. Other antagonists that are available are not 

20 selective and tims, are not desired because tiiey would also antagonize tiie 

PTH/PTHrP receptor, which could have negative consequences in tenns of 
calcium regulation and skeletal fiinction. 

Accordingly, tiiere is a need in the art for the development of PTH-2 
receptor selective agonists and antagonists: (1) to assist in further elucidating the 

25 biological role of tiie PTH.2 receptor; (2) to map specific sites of ligand-receptor 

interaction; and (3) as potential newtiierapeutic compositions tiiat can be used in 
tiie treatment of disorders associated with altered action or genetic mutation of the 
PTH-2 receptor. 
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Summary of the Invention 

To begin to define residues involved in the ligand-specificity of the PTH-2 
receptor, the inventors studied the interaction of several PTH/PTHrP hybrid 
ligands and other related peptide analogs, with the human PTH-2 receptor. The 
results showed that two sites in PTH and PTHrP fully account for the different 
potencies that the two ligands exhibited with PTH-2 receptors; residue 5 (His in 
PTHrP and He in PTH) determined signaling capability, while residue 23 (Phe in 
PTHrP and Trp in PTH) determined binding affinity. By changing these two 
residues of PTHrP (i.e., residue 5 and 23) to the corresponding residues of PTH, 
the inventors were able to convert PTHrP into a ligand that avidly bound to the 
PTH-2 receptor, and fully and potently stimulated cAMP formation. Changing 
residue 23 alone yielded [Trp^-*]hPTHrP-(l-36), which was an antagonist for the 
PTH-2 receptor, but a full agonist for the PTH/PTHrP receptor. Accordingly, the 
inventors concluded that residues 5 and 23 in PTH and PTHrP play key roles in 
signaling and binding interactions, respectively, with the PTH-2 receptor. 

Thus, in accordance with one aspect of the present invention, there is 
provided a novel PTHrP analog that is a potent PTH-2 receptor agonist, as well 
as a potent PTH/PTHrP receptor agonist. In a preferred embodiment, the PTHrP 
analog is altered at residues 5 and 23 to the corresponding residues of PTH. Most 
preferably, the invention includes PTHrP analogs having an amino acid 
substitution of histidine for isoleucine at position 5 of PTHrP, as well as 
phenylalanine for tryptophan at position 23 of PTHrP. In a particular 
embodiment, the PTHrP analog is [Ile^ Trp"]PTHrP-(l-36). 

In accordance with another aspect of the present invention, there is 
provided a novel PTHrP analog that is a potent PTH-2 receptor selective 
antagonist. In a preferred embodiment, the analog is altered at PTHrP residue 23 
to the corresponding residue of PTH. Most preferably, the invention includes 
PTHrP analogs having a single amino acid substitution of phenylalanine for 
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tryptophan at position 23 of PTHrP. In a particular embodiment, the PTHrP 
analog is [Tip"jPTHrP-(l-36). 

In accordance Avith yet a further aspect of the invention, there is provided 
a method for treating a medical disorder that results from altered or excessive 
action of the PTH-2 receptor, comprising administering to a patient a 

therapeutically efficient amountofaPTHrP analog, sufficient to inhibit activation 
of the PTH-2 receptor of said patient. In a preferred embodiment, the PTHrP 
analog used in the method has a single amino acid substitution of phenylalanine 
for tryptophan at position 23 of PTHrP. In a particular embodiment, the PTHrP 
analog is [Tip"]PTHrP-(l-36). 

In accordance with yet a fiirther aspect of the invention, there is provided 
a method for treating osteoporosis, comprising administering to a patient a 
therapeutically efficient amomit of a PTHrP analog, sufficient to activate the 
PTH/PTHrP receptor and PTH-2 receptor of said patient. In a preferred 

embodiment, the PTHrP analog used in themethod has an amino acidsubstitution 
of histidine for isoleucine at position 5 of PTHrP, as well as phenylalanine for 
tryptophan at position 23 of PTHrP. In a particular embodiment, the PTHrP 
analog is [Ile^ Trp"jPTHrP.(1.36). 

In addition, any other amino-acid substitutions at positions 5 and/or 23, 
which do not destroy the ability of the PTHrP analog to antagonize or agonize the' 
PTH-2 receptor (as determined by assays known to the skilled artisan and 
discussed below), are included within the scope of the present invention. 

Brief Description of the Figures 

Figure 1 depicts ligand-binding and cAMP-signaling profiles of 
PTH/PTHrP and PTH-2 receptors. COS-7 cells transfected with human 
PTH/PTHrP receptor. (Figures 1 A and 1 C) or human PTH-2 receptors (Figures 
IB and ID) were evaluated for inhibition of rmlioligand binding (Figures 1 A and 
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,B) or ligand-induoed cAMP aeoumulaUon (Figures IC ^ ID). Bmding 
.„dies »ere perform^ 3. roo» «mp«a^ TO 2 hours. 
»HNleTyr"'V>PTH-(l-34)NH, (100.000 CPM/well) W used as . 
MoUga-d and varying amounrs of unlabeled pyV«<l-^*m, C) « 
[Tyr»lhI>THrP.(l-36)NH. (■) we,^ used as competitor ligands. Symbols are 
seated in the figure key. Ue maximum amount of ,«cer that specifically 
bound to FnWnW and PTH-2 receptors in the ataence of competitor (B.) v«s 
-25% and -5% of total radioactivity added, respectively. For cAMP stimulation 
as^ys, cells we wated ™th Ugand for 1 hour at room tempe«n»e m fte 
pese„ceofIBMX.Symb„lsinFigureslCandlDa,e,hesameasinFigur=slA 

and IB. DaK. are the mean (± s.e.m.) of 3-10 experiments, each performed m 

'""'""rs-^ 2 depicts a scatchard andysis of 7m<l-M) binding to 
PTOPTHrP or PTH-2 receptors. COS-7 cells t««fected «i.h plasmid DNA 
poo ng/well) enc«ling either the human PTH/PTHrP receptor (Figure 2A) or 
hum..m-2r«eptor(Figure2B)weevalua.edincompetition-bindingsnri.es 

performed for « hours a. 4-C. The radioligand »as 
•'nrNleTyr«'Tyr«iaTO-(l-34)anude(100,000CPM/well),asatracer,andthe 

co„petitorHgandv«stesameunlabeledpeptide.Da,aa,e.hemea„(.s.e^.) 

offourexperimen.s,each,erfon«edind.,Uea,e. m insets show Scatchard 
plotsofate individual data pointsfiomthelinear portion, of eachexpenment 

Themeandissociadon constants Ckds)andB_ values, as .ecep«,rs^ceU,denv«i 

ftom these experiments are shown above the panel s. StaOsdcal analysts 
indicated that thesurfecedensiUesofthe two receptcrs,bu.no.,h.Kd value. 

aiffi,edsigmficanfl,(pvalues.0.0003,and0.14,respecttvely,staden.st,es.> 
n,.„ 3 depicts the primary structures of HH, PTHrP and hybrrd 
Hgand. -nre biologicaUy aedve regions of PTH, PTHrP. and dte PW-fflrP 
hybrid Ugandsusedin.his,.udya,.shovm. SeqoetKes correspondmg to PTHrP 
are shaded. All peptides contained the carboxy-terminal modificadon of 
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10 



15 



20 



25 



tyrosine-amide, and otherwise corresponded to the native human PTH or human 
PTHrP sequence. 

rtgure 4 depicts the effects of substitutions at position 23 on the binding 
properties of PTH-(15-34) and PTHrP-(15-36) carboxy-terminal fragments. The 
binding properties of substituted and unsubstituted PTH-(15-34) or 
PTHrP-(15-36) to COS-7 cells expressing either PTH/PTHrP receptors (Figure 
4A) or PTH.2 receptors (Figure 4B) are shown. Competition-binding studies 
were performed at room temperature for 2 hours with 
'«I-[NleTyr«^',Tyi^]rPTH-(l-34)NH2 (100,000 CPM/well) as radioligand. The 
unlabeled competitor ligands used are indicatedm the figure key. tiie structure of 
each was based on the human PTH or PTHrP sequence and contained 
tyrosine-amide as a carboxy-terminal residue. Data are the mean (± s.e.m.) of 3 
or 4 experiments, each performed in duplicate. 

Figure 5 depicts the effects of substitutions at position 5 and 23 on the 
binding of PTH-(l-34) and PTHrP-(l-36) to PTH/PTHrP and PTH-2 receptors. 
The binding of substituted or unsubstituted PTH-(l-34) or PTHrP-(l-36) analogs 
to COS-7 cells expressing either PTH/PTHrP receptors (Figures 5A and 5C) or 
PTH-2 receptors (Figures 5B and 5D) are shown. Competition-binding studies 
(RT/2h) were performed with ««I.[NleTyr^^Tyi^]rPTH.(l-34)amide (100.000 
CPM/well) as radioligand. The unlabeled PTHrP (Figures 5A and 5B) and PTH 
(Figures 5C and 5D) analog ligands. used as competitors, are indicated in the 
figure keys; the structure of each was based on the human PTH or PTHrP 
sequence and contained tyrosine-amide as a carboxy-terminal residue. The 
binding curves of |Tyr^^]hPTHrP-(l-36)NH„ and [Tyr-]hPTH-(l-34)NH, from 
Figures 1 A and B are shown again for comparison. Data are the mean (± s.e.m.) 
of 3-10 experiments, each performed in duplicate. 

Figure 6 depicts the effects of substitutions at positions 5 and 23 on 
cAMP signalmg by PlH-(l-34) and PTHrP-(l-36) with PTH/PTHrP and PTH-2 
receptors. The abiUties of substituted and unsubstituted PTH-(l-34) or 
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mi,P-{1.36, pepMe analogs ■„ s^^, ^AMP fta,,^ ^os-, cell. 

«a.<.,a„.,^ -3«„^...e::rr:r: 

md.«ted « to fig^ key, each was ba^ „„ fl,e fc^ „„ 

1 D are .ho™ again toe fa „ 
rapenmenls, each perfonned in duplicate. 

inCOs?'^/'^'**'"™^™"'™-''-'''-'"''""^''^'— 
COS-7 cells exp,essi„g PTH/PTHrP or PTH.2 recepta COS-T cells 

Of IL«.".D-IVV™P(7.34,N„, [T,p^,V>,hP™p„5, 

and *e„.„c„ha,ed in «.ep^oflBMXf„30n™..sa.,o„n, .en-tJ" 
T*e.s*„g„.«eU„.arcAMP,evels=.™^^^,„,^ ■ 

Sn" ?,ir ^ "lo- (' nM). Which were 

167.17 and 70.8 p„,olea/well fl„ p^^p ^^^^.^^ ^e PT„ 2 

■J-.W.Thec«,«p„nai„,,3sa,cAMP,evelsincel^^ 
™*l>^ae«,es,4«,.3and,.0.1,.7pn,ole.wel,,„,i^,„^ 
-ean s.e.m.) of hvo experiment, each perfonned i„ duplicate 

tHsJr'Mr '° " «" 

lHSJPTH-(l-34), competed veo-po„rlyforbh,di.g,oft.PTOpra,p_. 

~ys«m.a.edcAMPfo™a«„„crahlel,, Ihe invento. have fol' 
"C0S.7cella(spee.«cbindh^^.^.f.<^^<^,,,^^^^ 

no. Ml, overlap wia,u^„^ by ■=1-[NleTy,«..TyH'>Pra.(l-34)NH 
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Detailed Description of the Preferred Embodiments 

Previously, the present inventors had prepared a series of PTH/PTHrP 
hybrid ligands for the puipose of investigating whether homologous domains of 
PTH and PTHrP could be interchanged (Gardella, T.J. et al. J. Biol. Chem 
270:6584-6588 (1995)). The present inventors have now used these hybrid 
ligands and derivative peptide analogs to map regions of PTH and PTHrP that 
contribute to the ligand selectivity of the PTH-2 receptor. These efforts have led 
to the identification of two residues in the ligands that play major roles in 
determining the efficiency of binding and signaling interactions with the PTH-2 
receptor. 

The present invention provides a novel PTHrP analog that is a potent 
PTH-2 receptor agonist, as well as a potent PTH/PTHrP receptor agonist. In a 
preferred embodiment, the PTHrP analog is altered at residues 5 and 23 to the 
corresponding residues of PTH. Most preferably, the invention includes PTHrP 
analogs having an amino acid substitution of histidine for isoleucine at position 
5 of PTHrP. as well as phenylalanine for tryptophan at position 23 of PTHrP. In 
a particular embodiment, the PTHrP analog is [Ile\ Tip^]PTHrP-(l-36). 

In accordance with another aspect of the present invention, there is 
provided a novel PTHrP analog that is a potent PTH-2 receptor selective 
antagonist. In a prefeired embodiment, the analog is altered at PTHrP residue 23 
to the corresponding residue of PTH. Most preferably, the invention mcludes 
PTHrP analogs having a single amino acid substitution of phenylalanine for 
tryptophan at position 23 of PTHrP. In a particular embodiment, the PTHrP 
analog is [Trp2^]PTHrP-(l-36). 

h addition, any other amino-acid substitutions of a nature, which do not 
destroy the ability of the PTHrP analog to antagonize or agonize the PTH-2 
receptor (as determined by assays known to the skilled artisan and discussed 
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below), are included in the scone of th. 

Materials and Methods 

Peptides and reagents 

p^„„,, (oaniella, T.J. « , 

nance, CA). The antagonia, [Leu",D.Tmi>l ijTH,p„ „ 

was HPLC-purifed (Shigem,. C e, al J B>n, """"^ 

["'q-Na (2 000 Ci/,™,„n " '«^?""878 (1988)). 

aM,b,„„c m,x(ure (10,000 umts/ml pemcilli„ G ...d in , 
*ep.omyci„) was from GIBCO- fetal W """"^ 
r ,. ' ™'"™=«n"m(reS)wa!ft™-ij • 

Laboratories (Logan, UI). ^ "^J tan Hyclone 

'"^^fmsfeaioHofcoS.Tcdb 

•nKcDNAseDOodkgthehmat.rowTHrPteceDtorr.!.!,- o 
J- BU.L 270:15455.1M58(1 

v-.™a.p.oNA.A.p:c ::rr~" 

1278(1995)). C=llswe,e„a„sfec,«,i„24.^ 
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using plasmid DNA (200 ng/well) piuified by cesium chloride/ethidium bromide 
gradient centrifogation. Ligand binding and cAMP accumulation assays were 
perfonned three days after transfection. by which time the cell density reached 
500.000 ± 100,000 cells/well. 

Radioligand-receptor binding 

Binding reactions were performed as described previously. Id. EachweU 
(final volume: 300 ml) contained 26 finole of '"l-[Nle«-^',Tyr^ Vra(l-34)NH 
(1 00,000 CPM) and various amounts (0.4-300 pmole) of an unlabeled competitor 
ligand, both diluted in binding buffer (50 mM Tris-HCl, pH 7.7. 100 mM NaCl. 

5 mM KCl. 2 mM CaCl. 5% heat-inactivated honse serum. 0.5% heat-inactivated 
fetal bovine serum). Incubations were at room temperature for 2 hours, except 
for experiments involving Scatchard analysis, which were performed at 4°C for 

6 hours. At the end of the binding reaction, the cells were rinsed 3 times with 0.5 
ml of binding buffer, lysed with 0.5 ml of 5M NaOH, and the entire lysate was 
counted. Nonspecific binding of tracer (NSB). determined in wells containing 

1 /.M of [NleTyr«Myr^VTH-(l-34)NH, was -1% of total counts added. 

Maximum specific binding (Bo) was calculated as the total radioactivity bound 
to cells in the absence of unlabeled PTH ligand. minus NSB. IC„ values (the 
dose of competing ligand that resulted in 50% inhibition of 
'«I-INleTyr«^'.Tyr^VTH.(l-34)NH, binding) were detemiined from plots of 
log(B/Bo-B) vs. log[competitor]. For Scatchard analyses, homologous 
competition binding studies were perfomied that used 
■^'I-[NleTyr«Myr3>PTH-(1.34)NH, (26 fmole/well) and varying amounts 
(1.2-300 pmol) of the same unlabeled ligand. Estimates of the number of 
receptors/cell derived from these studies assumed a single class of binding sites 
and a transfection efficiency of 20% (Abou-Samra. A.B. et al.. Proc. Natl. Acad 
Sci (USA) 89:2732-2736 (1992)). 
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Intracellular cyclic AMP 



Transfected COS-7 cells were rinsed with 500 ml of binding buffer. 200 
/il of IBMX buffer (DMEM containing 2 mM IBMX. 1 mg/ral bovine serum 
albumin. 35 mM Hepes-NaOH, pH 7.4) and 100 ml of binding buffer or binding 
buffer containing various an^ounts of a PTH or PTHrP analog were then added. 
The plates were incubated for 60 minutes at room temperature. The buffer was 
then withdrawn and the cells lysed by placing the plates on powdered dry ice and 
adding 0.5 ml of 50 mM HCl. The acid lysate was diluted 1/30 in dH^O, and an 
aliquot (5-50 pA) analyzed for cAMP content by radioimmunoassay. EQo values 
(the dose of ligand that resulted in 50% of the maximum response (E^ obtained 
for that ligand with the relevant receptor) were determined from plots of 
log(E/E„„-E) vs. log[ligand], where E is the cAMP response measured at the 
corresponding dose of ligand. For antagonist studies, the inhibitor peptide 

[Leu^D-Trp'^hPTHrP(7-34)NH,or[Trp«Ty«]hPTHrP-(l-36)NIiwasapplied 
to COS-7 cells in 100 fil of binding buffer two minutes prior to the addition of 
IBMX buffer that contained a near-maximal stimulatory dose (1.5 nM) of 
[Tyr'*]hPTH-(l-34)NH2 agonist peptide. The cells were then incubated for 30 
minutes at room temperature, and the resuhing intracellular cAMP was measured 
by RIA. Data were analyzed using the AssayZap software (Elsevier Science 
Publishers BV, Cambridge, United Kingdom). 



Results 

The binding and cAMP-signaling responses obtained for PTH-(l-34) 
([Tyr^^]hPTH-(1.34)NHj) and PTHrP.(l-36) ([Tyr^*]hPTHrP.(l-36)NH) in 
COS-7 ceUs expressing the human PTH/PTHrP and human PTH-2 receptors are 
shown in Figure 1. With the PTH/PTHrP receptor, both PTH-(l-34) and 
PTHrP-(l-36) folly inhibited binding of the radioligand, 
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'«I-[NleTyr«Myr«]rPTH-(l-34)NH,. although PTH-(1.34) was 4,8-fold more 
potent than PTHrP-(l-36) QC^ = 39 and 285 nM, respectively, pO.OOl; Figure 
lA and Table 1). With cells expressing the PTH-2 receptor, PTH-(I-34) bound 
with high apparent afBnity. while PTHrP.(l -36) bound poorly with a potency that 
was more than 1 00-fold weaker than that of PTH-(1 -34) (Figure IB and Table 1). 

Both PTH-(l-34) an^i PTHrP-(l-36) were Ml and potent agonists of 
cAMP production in COS-7 cells expressing the PTH/PTHrP receptor (Figure 1 C 
and Table 2). In contrast, only PTH-(l-34) was a potent agonist with the PTH-2 
receptor, while PTHrP-(l-36) was nearly inactive (Figure ID). These results 
confimi the markedly different cAMP-stimulating activities of PTH and PTHrP 
with the PTH-2 receptor (Usdin, T. et al. J. Biol. Chem. 270:15455-15458 
(1 995)), and demonstrate that at least part of the signaling defect that PTHrP has 
with this receptor can be attributed to weak binding interactions. 

Scatchard analyses of competition binding data indicated that the PTH-2 
receptor was expressed on the surface of COS-7 cells to levels that were 5-fold 
lower than the level of expression attained by the PTH/PTHrP receptor (Figures 
2A and 2B). This difference in expression levels is likely to explain the lower 
cAMP responses compared to the PTH/PTHrP receptor (Figure 1). Although, the 
reason for the lower expression of the PTH-2 receptor is unclear at present, 
expression was fully adequate for comparing the interactions of different PTH 
and PTHrP analogs with this receptor. 
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PTH/PTHrP hybrid ligands 

To localize regions of PTH and PTHrP responsible for the difference in 
apparent bindmg affinities of the two. ligands with the PTH-2 receptor, the ■ 
inventors evaluated the series of PTHMirP hybrid analogs shown in Fig,^ 3. 
Some of the hybrid ligands (i.e.. hybrids 1 and 5) were not highly infonnative, 
because unlike either parent ligand. they competed poorly for binding even to the 
PTH/PTHrP receptor, indicating that these analogs were unlike either parent 
ligand. Similarly weak binding potencies for these hybrid ligands were 
previously observed in studies with rat osteosarcoma cells (ROS 17/2.8). Those 
results were inteipreted as alterations in ligand structure caused by 
incompatibility between residues in the amino-terminal 1-14 portion of PTHrP 
and the 15-34 region of PTH (GardeUa, T.J. et al.. J. Biol. Chem. 270:6584-6588 
(1995)). For the current studies on the PTH-2 receptor, the most informative 
hybrid analogs were hybrid-3 and hybrid-4. Hybrid-4, PTHrP-(l-21)/PTH- 
(22-34) bound to the PTH-2 receptor with high potency (IQo = 11 nM), similar 
to PTH-(l-34) (Table 1). Extending the PTHrP sequence by two residues yielded 
hybrid-3, PTHrP-(l-23)/PTH-(24-34), which competed poorly for bmding to the 
PTH/PTHrP receptor = 1 .000 nM), and bound with even weaker potency to 
the PTH-2 receptor aC50 ~ 6,000 nM). In this regard, the binding profile of 
hybrid-3 resembled that of PTHrP-(l-36). 

Substitutions at positions 22 and 23 

Comparing the structures and binding properties of hybrids 3 and 4 led the 
inventors to hypothesize that the divergent residues at positions 22 and/or 23 
contribute to PTH-2 receptor binding selectivity. To initially test the role of 
residues 22 and 23 ui receptor binding, shorter-length PTHrP.(15-36) fragments 
were prepared in which Phe-22 and/or Phe-23 were replaced by the 
corresponding GIu and Tip residues of PTH. The unsubstituted parent peptide. 
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PTHrP-(15.36).competedweaklyforbindingtothePTH9r. . ^ 

(Figure 4A). ^ competitioi. assays 

The Phe-23-to-T,p modifiead„„ was totrod,,. ^ ■ 

receptor bv 71 «,w P°'=»'>' TO-: 

Table 1). lie redp^cal change „f Trp , IT 

--re*^o„h.b^gpo4^r;r:r''"'"'°' 

»ubs«».wm-(,.34)(Fig„,e5D„dTab.e » ,„ " 
■«Muesatp„si(io„23.™M , '""'«"'»8'y. the divergent 

23 could also accouni for some of th. wo- 
appa«n. binding affinifc a,a, PTH and PIHrP T . " 

Mold sponger fflilT o 

owuxiger amnity than did PTHrP.n /e- 

Theabovesubslilu,ionsatposition23inPIHorPTHrPk . 
ina«iveand,PbeC?3!™"''^^'^'"-^™>>-('-^«)-'ass,ill 

Table 2, ' ^ " "^""^ « ™^ 

The hrgh potency of hybdd.2. Pra-(M4yPTH,p r„ ■ 
3.H„ula,„gcAMPp«,«i„„^,j^ , 

-vi. of hyhrid-i. n.^<.r.yn„,,ZZl7."'"^r 

V uaDie 2), suggested that 
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residues within the 1-14 sequence of PTH and PTHrP were involved in 
modulating the signaling properties of the two Ugands with this receptor. 

Previous binding studies in ROS 1 7/2.8 cells revealed that position 5 (He 
in PTH and His in PTHrP) was one divergent site in the 1-14 region that could, 
dramatically affect ligand-receptor interaction (Gardella. T.J. et al. J. Biol. Chem. 
270:6584-6588 (1995)). Therefore, the effects of reciprocal position 5 
substitutions on signaling interactions with the PTH-2 receptor were tested. 
Strikingly, [lle^]PTHrP-(l-36) became a full agonist with the PTH-2 receptor, 
promoting the same maximal cAMP response as that attained by PTH-(l-34) 
(Figure 6B andTable 2). However, the EC, of the [Ile']PTHrP-(l-36) response 
was still 12-fold higher than that of PTH.(l-34) (EC«s = 7 and 0.6 nM. 
respectively). The inventors, therefore, combined the Ile-5 substitution with the 
affinity-enhancing Trp.23 modification. The resulting analog, [IleW^PTHrP- 
(1-36), was as potent and efficacious as PTH-(l-34) in both binding and cAMP 
. production with the PTH-2 receptor (Figure 6B, Tables 1 and 2). 

The observation that [Trp^']PTHrP-(l-36) (histidine at position 5) bound 
to the PTH-2 receptor without stimulating cAMP production, suggests that this 
analog could fiinction as a PTH-2 receptor antagonist. Figure 7 shows that this 
analog was indeed at least as potent as [Uu".D-Trp"]hPTHrP(7-34)NH, a 
highly potent antagonists of the PTH/PTHrP receptor antagonist (Nutt et al. 
Endocrinology /27:491-493 (1990)). in inhibiting PTH-(l-34)-induced activity 
on the Pra-2 receptor. With the PTWPTHrP receptor. rrrp»]PlHrP.(l -36) was 
not an antagonist, but instead augmented the agonist response to PTH-(l-34). 



Discussion 



The studies discussed above demonstrate that the failure of PTHrP to 
efficiently bind to and activate the PTH-2 receptor can be attributed to two 
residues, phenylalanine at position 23 and histidine at position 5. In PTH. which 
is fidly potent with the P1H-2 receptor, these residues are replaced by tryptophan 
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co„g ^ ^ ^ ^^^^^ 

converted mto . &11 and potent m.2 receptor agoma. 

The hisddine ,t p^6c«.5 in PTHH. blocked acUvadon of the Pra.2 
receptor. l-P-^c^SonUr^^^i^i^^oS na.S^Us residues 
™.dentiiieda3ani.p„„a».de.e™i„».f„H„.e„e.i„,^^^,p;^^; 

2~s„«e..edthattM„esidne»a.inv„^edinpn.tiveintI^^^ 
for h, c,„ded^,,i,^„,^,„^.,^„^^^^^^__^^^^_^ J 

»d24,tadonb.d„,6po,ency.,t„„.appear.fl».fl«fc„„,„f^.,„^,.„ 

"^^y «8naling interactions tlre m 2 

receptor. ^^^xi-z 

^ ^'^-kWndinSofPmP.othePTH.areceptorcanbeattdb^^l.othe 
phcnyWani„e.esiduea.posid„„23;rep>ad„gthis,esidueb,d»co.resp„„^ 
Wophanofminrp^ved binding ,0 the m.2 receptor b,7.-foW T*e 

f™P-a-36)e,hrb.tedf.,hem/P™,p^,,^„^,^ 

(Tab,e,,s„,b«a,cer binding ofPTOP^observed in earlier sn.die. wit 
"ke Cloned h^an m/PTHrP .«=eptor expressed in COS-7 cells, although 
.early e-privalent binding potencies were seen ™,h d,e cloned ra, PTHOTftP 
"ceptor (Schipaa. E. « al.. Endocrinology ^2157-2165 (1993)), EarHer 

rr""^'="'™>'-P'o-do8en„«st„ROS ,7/2.8 cells also 
fcu^d c„„pa.ble binding potencies for fl.e two ligands (,.ppner. a « . 
* '■ ^«^*»'-«0 (1988); Nissenson. R.A. « ^ 

«,23^.2S7ia988), Wor.i.„^.^^,.„.^,^^: 
PWPTHrP receptors, and the hum«, PIH-J .eeeptor, each differ at a site or 
srtes that recognize residue 23 in fl« Hg^d. Tlru, ™,h ^ 
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tryptophan-23 Trp modification in PTHrP enhanced the binding affinity of the 
analog to nearly that of PTH-(l-34). 

The effects on activity of a variety of modifications at position 23 in PTH 
have been investigated previously in PTH/PTHrP receptors. Rosenblatt and 

coworker, found that the addition ofabulkyortho-nitrophenylsulfenyl group to 
the mdole nitrogen of Trp-23 had little or no effect on bioactivity (Rosenblatt M. 
& Potts. J.T.. Endo. Res. Comm. ^:I15-133 (1977)). nor did a napthylalanine 
substitution at this site (Nakamoto. C. ./.. Biochemistry 5^:10546-10552 
(1995)). However. me%lation of the backbone nitrogen at Phe-23 or the 
substitution of D-Trp for Trp-23. severely reduced receptor-binding'affinity 
(Caulfield. M.P. & Rosenblatt. M.. T.KM Jan/Feb:l64.l6S (1990)). Mutational 
analysis of residues 23-34 of PTH-(l-84) showed that cysteine substitution of 
Trp-23 reduced bioactivity by more than 10-fold, while leucine substitution 
reduced activity by 50% (Gardella, T.J. et al, "Scanmng mutagenesis of the 23- 
25 region of parathyroid hormone reveals important determinants of receptor 
binding." in Calcium Regulating Hormones and Bone Metabolism; Basic and 
Clinical Aspects, Vol ^ACohn,D.V. eds.. Elsevier Science Publishers BV 
Amsterdam (1992). pp. 218-222). NMR studies on PTH analogs (Barden, J.A.' 
& Kemp, B.E., Biochemistry 32:1X26-1132 (1993); Marx. U. al J. Biol 
Chem 270.15194-15202 (1995); Klaus, W. et al. Biochemistry 30:6936^9^2 
(1991); Bundi. A. etal. Eur. J. Biochem. P7:201-208 (1978)) and PTOrP analogs 
(Harden. J.A. & Kemp. B.E.. Eur. J. Biochem. 184:379-394 (1989); Ray. F.R et 
al, Eur. J. Biochem. ^^/:205-211 (1993))suggestthat the aromaticresidJeat this 
position in either ligand is involved in intimolecular hydrophobic interactions. 
Residue 23 may, therefore, be important for maintaining ligand structure, as well 
as modulating receptor-binding interactions. 

Because the PTHrP-(l-36) analog containing the Trp-23 modification 
exhibited high binding aflSnity for the PTH-2 receptor without having detectable 
agonist activity, we evaluated it as a potential PTH-2 receptor antagonist. This 
analog was at least as potent as [Leu".D-Tip-]hPTHrP(7-34)NH, a previously 
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characterized antagonist of the PTH/PTHrP receptor in inhibiting the agonist 
action of PTH-(,-34) on the PTH-2 receptor; however, unlike the amino- 
temunally truncated antagonist analog, however. [Trp-]PTBrP-(l-36) was a full 

andpotentagonistwiththePTH/PTHrPreceptor(Figures6Aand7A). Because 
this new analog appear to be a selective antagonist for the PTH-2 receptor it 
could potentially be useful to in vi.o studies aimed at further elucidating tf,e 
physiological role of the PTH-2 receptor. 

PTHrP is expressed in many fetal and adult tissues and is a vital 
developmental morphogen, a function that is likely to be mediated by the 
PTH/PTHrPreceptor(Karaplis.A.C.e/a/.. Genes&Dev. ^:277-289 (1994)) ft 
IS of interest that phenylalanine is preserved at position 23 in all native PTHrP 
hgands. despite the implications of the invention that tryptophan at this site as 
IS found in all native PTH ligands. is fully compatible with binding to 'the 
PTH/PTHrP receptor. It may be that phenylalanine has been selected for at 
position 23 in PTHrP, because of its ability to inhibit binding to the PTH-2 
receptor.. Likewise, the conserved histidine residue at position 5 in PTHrP may 
have been selected for because it blocks signaling interactions with the PTH-2 
receptor. Together, these two conserved i^idues in PTHrP would thus ensui^ 
that productive interactions with the PTH-2 receptor do not occur. 

In summary, the present inventors have identified two sites in PTH and 
PTHrP that account for the ligand selectivity of the PTH-2 receptor The 
inventors are now constructing chimeras between the PTH-2 and PTH/PTHrP 

i^pto... as oneapproachtowardsidentifying the cognatereceptor sites involved 
- this ligand selectivities for the two ligands. TTie function^ profiles of such 

receptorchimeras interacting withmodifiedPTHand PTHrP ligands should help 
to refine and constrain models of the complexes formed between these peptide 
hgands and their G protein-coupled receptors. 
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Tlierapeutic Use 

In accordance with yet a further aspect of the invention, there is provided 
a method for treating a medical disorder that results from altered or excessive 
action of the PTH-2 receptor, comprising administering to a patient a 

therapeutically efficient amount ofaPTHrP analog, sufficienttoinhibitactivation 
of the PTH-2 receptor of said patient. In a preferred embodiment, the PTHrP 
analog used in the method has a single amino acid substitution of phenylalanine 
for tryptophan at position 23 of PTHrP. In a particular embodiment, the PTHrP 
analog is [Trp^]PTHrP-(l-36). 

In this embodiment, a patient who is suspected of having a disorder 
resulting from altered action of the PTH-2 receptor may be treated using the 
peptide analogs of the invention shown to be a selective antagonist of the PTH-2 
receptor. Such antagonists include the compounds of the invention which have 
been determined (by the assays described herein) to interfere with PTH-2 
receptor-mediated cell activation or other analogs having similar properties. 

To administer the antagonist, the appropriate peptide is used in the 
manufacttire of a medicament, generally by being formulated in an appropriate 
carrier or excipient such as, e.g., physiological saline, and administered 
intravenously, intramuscularly, subcutaneously, or orally, at a dosage that 
provides adequate inhibition of PTH binding to the PTH-2 receptor. Typical 
dosage would be 1 ng to 10 mg of the antibody or peptide per kg body weight per 
day. 

In accordance with yet a further aspect of the invention, there is provided 
a method for treating osteoporosis, comprising administering to a patient a 
therapeutically efficient amount of a PTHrP analog, sufficient to activate the 
PTH/PTHrP receptor and the PTH.2 receptor of said patient. In a preferred 
embodiment, the PTHrP analog used in the method has an amino acid substitution 
of histidine for isoleucine at position 5 of PTHrP, as well as phenylalanine for 
tryptophan at position 23 of PTHrP. In a particular embodiment, the PTHrP 
analog is \[\t\ Trp"]PTHrP-(l-36). Similar dosages and administration as 
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described above for the PTHrP antagonist, may be used for administration of a 
PTHrP agonist, e.g., for treatment of conditions such as osteoporosis. 

By "agonist" is intended a ligand capable of enhancing or potentiating a 
cellular response mediated by. the PTH-2 receptor. By "antagonist" is intended 
5 a Ugand capable of inhibiting a cellular response mediated by the PTH-2 receptor. 

Whether any candidate "agonist" or "antagonist" of the present invention can 
enhance or inhibit such a cellular response can be determined using art-known 
protein ligand/receptor cellular response or binding assays, including those 
described elsewhere in this application. 
^ 0 It will be appreciated to those skilled in the art that the invention can be 

performed within a wide range of equivalent parameters of composition, 
concentration, modes of administration, and conditions without departing from 
the spirit or scope of the invention or any embodiment thereof. 
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I. A PTHrP analog that is a PTH-2 receptor agonist, as well as a 
PTH/PTHrP receptor agonist. 

5 2. The PTHrP analog of claim 1 , wherein the PTHrP analog is altered at 

amino acid residues 5 and 23 to the corresponding residues of PTH. 

3. The PTHrP analog of claim 2, wherein said alteration at PTHrP residue 
5 comprises an amino acid substitution of histidine for isoleucine, and said 
alteration at PTHrP residue 23 comprises an amino acid substitution of 

1 0 phenylalanine for tryptophan. 

4. The PTHrP analog [Ile^ Trp2^]PTHrP-(l-36). 

5. A PTHrP analog that is a PTH-2 receptor selective antagonist. 

6. The PTHrP analog of claim 5, wherein the analog is altered at PTHrP 
amino acid residue 23 to the corresponding residue of PTH. 

1 5 7. The PTHrP analog of claim 6, wherein said alteration at PTHrP amino 

acid residue 23 comprises a substitution of phenylalanine for tryptophan. 

8. The PTHrP analog [Trp'^]PTHrP-(1.36). 

9. A method for treating a medical disorder that results from altered or 
excessive action of the PTH-2 receptor, comprising administering to a patient a 

20 therapeutically efficient amount of the PTHrP analog of claim 6, sufficient to 

uihibit activation of the PTH-2 receptor of said patient. 

10. A method for treating a medical disorder that results from altered or 
excessive action of the PTH-2 receptor, comprising administering to a patient a 
therapeutically efficient amount of the PTHrP analog of claim 7, sufficient to 

25 inhibit activation of the PTH-2 receptor of said patient. 

I I . A method for treating a medical disorder that results from altered or 
excessive action of the PTH-2 receptor, comprising administering to a patient a 
therapeutically efficient amount of the PTHrP analog of claim 8, sufficient to 
inhibit activation of the PTH-2 receptor of said patient. 
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